Directional sensor networks have a lot of practical applications, and target coverage is one of the most important issues. In this article, we study the target coverage problem in directional sensor network, where directional sensors can rotate freely around their centers and targets are attached with differentiated coverage quality requirements. Our goal is to maximize the lifetime of sensor network, satisfying the coverage quality requirements of all targets. We model it as the maximum cover sets problem and address it by organizing the directions of sensors into a group of non-disjoint cover sets, which can cover all targets, satisfying their coverage quality requirements, and then schedule them alternately to extend the network lifetime. It consists of two parts. First, since directional sensor has infinite directions by rotating continuously, we propose sensing direction partition algorithm to find all non-redundancy directions for each sensor according to the targets deployed within the sensing region of the sensor. Then, based on the result of the sensing direction partition algorithm, we propose an efficient heuristic algorithm for the maximum cover sets problem to organize the directions of sensors into a number of non-disjoint cover sets and allocate work time for each cover set. Besides, we get an upper bound of the optimal solution for the problem. Finally, simulation results are presented to demonstrate the performance of our algorithm.
Introduction
Wireless sensor network is a multi-hop ad-hoc network, consisting of sensor nodes with low cost and stringent power budget through wireless communication, which is capable of monitoring physical phenomenon in real time, collecting, transmitting, and processing information in the fields of sensors. Wireless sensor network has powerful function and extensive application. 1 How to assign monitoring tasks to sensor nodes to make them effectively accomplished and how to reflect how well a sensor field is monitored are the fundamental problems in wireless sensor network, which are considered as coverage problems. In general, coverage problems can be classified into four categories: area coverage, 2-9 target coverage, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] barrier coverage, [23] [24] [25] and coverage problem aiming at determining the maximal breach path (MBP) and the maximal support path (MSP). 26 In this article, we consider the target coverage problem.
In view of the surveillance nature and the energy constraint of sensor networks, it is very important to prolong the network lifetime for solving coverage problem. Among many proposed approaches, there are three basic types. The first one is density control by utilizing the inherent redundancy of densely deployed sensors, [2] [3] [4] [5] [6] which uses the number of working sensors as less as possible to satisfy the coverage requirement and turns off redundant sensors. When the coverage requirement is not met due to sensor nodes' failure, redundant sensors can be activated to replace fault nodes to ensure network normal operation, so that the network lifetime can be extended. The second one is node scheduling by organizing sensors into a number of subsets, [9] [10] [11] [12] [13] [14] [15] in which each subset can satisfy the coverage requirement, and scheduling them alternately to prolong the network lifetime. The third one is energy control by adjusting the sensing and communication ranges of sensors to reduce energy consumption as much as possible. [20] [21] [22] In this article, we consider the sensor scheduling.
Conventional sensor networks adopt omni-directional sensors. Actually, in view of low cost and energy conservation, directional sensors with limited angle of sensing range have great value of practical application, such as video sensors, ultrasonic sensors, and infrared sensors. Previous studies on coverage problem mainly focus on the fixed directional sensors that cannot turn their orientations to cover different sensing regions upon initial placement. In the researches, [13] [14] [15] [16] the sensors are sub-tunable, that is, each sensor has finite separate and fixed work directions by turning to specific orientations and one sensor can only choose one direction to work at any time. However, a highdemanding coverage in important, and complicated places (such as bank, traffic, intelligence building, airport, and station) needs high accuracy and flexibility; it is inefficient to use fixed directional sensors or subtunable sensors in practice. We consider that the sensors can rotate their orientations around centers freely, which is viable in most of commercial camera sensors, and as a consequence, the sensors with infinite work directions have chance of covering more targets.
In practical application, the importance of each target may be different and the coverage quality required by each target is related to its importance. For example, in a video monitoring system, some key sites (such as nuclear reactors, entrances, and exits) need to be covered by more sensors so as to guarantee the fault tolerance of the system. In addition, if the monitoring data of targets have a certain precise requirements, the targets also need to be covered by more sensors to improve the sampling frequency. Generally, the coverage quality that sensors can provide to targets is influenced by the distance between sensors and targets, and it decreases as the distance increases. We assume that the coverage quality obtained by one target from sensors is the sum of actual coverage quality provided by all sensors covering it.
In this article, we consider the target coverage problem in directional sensor network where sensors have infinite directions by rotating continuously and targets require different coverage quality requirements. We assume that the density of sensors is sufficiently high to monitor all targets. We aim at maximizing the lifetime of directional sensor network and satisfying the coverage quality requirements of all targets. Several difficulties make our issue challenging. First, unlike wireless sensor networks, target coverage in directional sensor networks is determined by both location and direction of sensors. This feature makes target coverage scheduling more complex. Second, every sensor can rotate its orientation around the center freely, so it has infinite work directions. However, it is impossible to check all feasible choices exhaustively. Moreover, individual targets may be associated with differentiated coverage quality requirements, and the coverage quality that sensors can provide to targets is also different. So, for some targets, only one sensor may not satisfy its coverage requirement, and it needs some sensors to work cooperatively in order to achieve the coverage goal.
Our method is to study the intrinsic relationship between the work directions of sensors and the targets deployed within sensing region of sensors, and we propose sensing direction partition (SDP) algorithm to find all non-redundant directions for each sensor. Then, we design heuristic algorithm for the maximum cover sets (HMCS) problem to divide the directions of sensors into non-disjoint cover sets such that every cover set completely covers all targets satisfying their coverage quality requirements and then allocate work time for each cover set. These cover sets are activated alternately, such that at any moment, only one cover set is active. All sensors are in sleep state except sensors having a direction from the active cover set.
The rest of this article is organized as follows. First, we briefly review related research. Second, we define the directional sensor network model and the maximum cover sets (MCS) problem. We get an upper bound of the optimal solution for the problem and then formulate the MCS problem as integer programming formulation. Based on the model, we propose SDP and HMCS algorithms to solve the problem we study and simulation results are presented to show the performance of our algorithm. Finally, we conclude this article.
Related works
Coverage, as a fundamental concept in wireless sensor networks, is a reflection of the quality of service (QoS) of sensing function. 26 In the study of coverage problem, target coverage is an important part where the goal is to cover discrete targets satisfying the coverage requirements of all targets and extend the network lifetime. Referring to literature, one of the effective methods is node scheduling by dividing sensors into disjoint or non-disjoint subsets to alternately activate them. Slijepcevic and Potkonjak, 9 Cardei and Du, 10 and Diop et al. 11 design centralized protocols by organizing sensors into disjoint subsets, where sensors are restricted to participate in only disjoint subsets, that is, a sensor can be active in not more than one subset. Theoretically, the upper bound of the number of disjoint subsets is the minimum number of sensors covering each target. Cardei et al. 12 study maximum set covers (MSC) problem and maximize the lifetime of network by organizing sensors into non-disjoint set covers, where each sensor can be part of more than one set covers. The set of solutions to the disjoint subsets problem is a subclass of the non-disjoint subsets problem, so it often produces better result by dividing sensors into non-disjoint subsets. In this article, we consider the case that sensors are divided into non-disjoint subsets to cover targets.
Recently, research on directional sensors has made great progress, and many strategies about target coverage have been proposed in directional sensor networks. Maximum coverage with minimum sensors (MCMS) problem is studied by Ai and Abouzeid, 16 which is designed to activate the minimal number of directional sensors to cover the maximal number of targets. Lu and Li 17 use the directional sensor model with tunable directions and study maximum directional sensor coverage (MDSC) problem by assigning directions to sensors to maximize the number of targets covered by sensors. Zhang et al. 18 focus on the fairness-based coverage maximization problem; they consider how to schedule the orientations of camera sensors to maximize the minimum accumulated full-view coverage time of target points. However, these studies consider the practical scenario where sensors initially deployed are not sufficient to provide full coverage (or full-view coverage 18 ). Different from them, in this article, we consider that sensors are abundant to cover all targets satisfying their coverage quality requirements. Li et al. 13 address target Q-coverage (TQC) problem under the constraint of bounded service delay in directional sensor networks aiming at maximizing the lifetime of network. However, this study considers the scenario where targets in each coverage set may not be served continuously but can be served with tolerant service delay. In this article, we focus on sensors monitoring all targets continuously as long as possible. Cai et al. 14 address multiple directional cover sets (MDCS) problem by organizing the directions of sensors into non-disjoint cover sets. But in their works, they consider that directional sensors have a finite set of separate and fixed work directions and that targets are considered with the same importance and the coverage quality requirements of targets are not considered.
Among those existing literature, Yang et al. 15 and Wang et al. 19 are particularly relevant to our work. Yang et al. 15 study the maximal network lifetime scheduling (MNLS) problem where the coverage quality requirements of targets are different. However, our problem differs from their problem in the following several ways. First, the directional sensors in our model could rotate freely, while the sensors in their model are sub-tunable, because in their setting, each directional sensor has finite separate and fixed work directions. As a consequence, the sensors in our model have chance to cover more targets. For instance, as shown in Figure 1 , a sensor could cover three targets, not just two. Second, despite the directional sensors in our model may have infinite work directions by rotating continuously around their centers, we study the intrinsic relationship between the work directions of sensors and the targets deployed within the sensing region of the sensors, and eliminate the redundant directions (where two directions are redundant if they cover the same set of targets). So that each directional sensor can have finite non-redundant directions, which leads to significant dimension reduction. Third, in the problem of Yang et al., 15 for each sensor, the finite directions are independent, that is, the covered target sets of any two different directions are disjoint. In our problem, for one target, it is possible to be covered by two non-redundant directions, which makes our problem more difficult.
Sensors equipped with continuous rotation capacity are considered by Wang et al., 19 thus each sensor has infinite directions and sensing regions of different directions may overlap. Given the assumption that targets to be covered have the prescribed priorities, they strive to find the minimum number of directional sensors to monitor all targets satisfying their prescribed priorities. Different from them, we study the target coverage problem in directional sensor network aiming at maximizing the directional sensor network lifetime and satisfying the coverage quality requirements of targets at any instant.
Sensor network model and problem description
In this section, we present the directional sensor network model and the formulation of MCS. Beyond that, we get an upper bound of the optimal solution for the MCS problem and then formulate the MCS problem as integer programming formulation.
To facilitate understanding, we first list the notations adopted throughout this article:
M: number of targets N: number of sensors Considering the distance between sensors and targets influences the coverage quality, without loss of generality, and we employ the functions as defined as follows
where z is randomly and uniformly chosen within (0, 1. 19
Model and problem
First, we describe the sensor network model and then give definitions of the problem we study.
We consider a directional sensor network with N directional sensors S = fs 1 , s 2 , . . . , s N g and M targets A = fa 1 , a 2 , . . . , a M g. The targets with known locations are deployed in a two-dimensional Euclidean plane, and the directional sensors are randomly scattered close to these targets. We assume that sensors are abundant to cover all targets. Note that the directional characteristic that we discuss in this article is from the point of view of the sensing, but not from the communicating activity of sensor nodes. We do not take the energy consumed for data collection and transmission into consideration, and omit the energy consumed by switching from a direction of sensor to another.
For each sensor s i , its sensing region can be modeled as a sector, which is characterized by three parameters: sensing range R, sensing angle a, and orientation f i ! . The sensing range R and sensing angle a are unique for all sensors, and the orientation f i ! (the internal bisector of s i 's sensing area) of each sensor rotates around the center freely. We view every sector as a work direction and note that every time only one direction of each sensor can be activated. For each target, it is associated with a coverage quality requirement. Target a m can be covered by direction d i, j only when a m is in the sensing region of d i, j . The coverage quality required by target a m is g(a m ), and the coverage quality that sensor s i can provide to target a m is u(s i , a m ). The coverage quality obtained by target a m from sensors is the sum of actual coverage quality provided by all sensors covering it. According to the directional sensor network model, we attempt to solve the problem of how to schedule the work directions of sensors to maximize the lifetime of directional sensor network, satisfying the coverage quality requirements of all targets.
It is challenging to solve the problem. First, each camera sensor has infinite choices to decide their work directions by rotating continuously. It is impossible to check all feasible choices exhaustively. Furthermore, targets have different coverage quality requirements, and the coverage quality that sensors can provide to targets is also different. Sensors need to work cooperatively at the same time slot so that targets can be covered satisfying their coverage quality requirements.
In order to solve this problem, we should give reasonable and explicit definitions based on the directional sensor network model.
Definition 1. Cover set
Given a directional sensor network with sensor set S = fs 1 , s 2 , . . . , s N g and target set A = fa 1 , a 2 , . . . , a M g The direction set of sensors is D, where each direction is represented as a subset of A that is the set of targets in the sensing region of the direction. A cover set is a subset C D such that every target in A belongs to at least one member of C and its coverage quality requirement is satisfied.
Definition 2. MCS
Given a directional sensor network with sensor set S = fs 1 , s 2 , . . . , s N g, target set A = fa 1 , a 2 , . . . , a M g, and the lifetime of sensor s i is L i . Find a family of K cover sets C 1 , C 2 , . . . , C K , with nonnegative weights t 1 , t 2 , . . . , t K , such that TL = t 1 + t 2 + Á Á Á + t K is maximized, and for each s i 2 S, the total weight that s i appears in cover sets C 1 , C 2 , . . . , C K is at most L i .
Proof. When we set u(s i , a m ) = 1 and g(a m ) = 1 for 1 i N , 1 m M, the MCS problem is the same as MDCS problem in Cai et al. 14 Since MDCS problem is NP-hard, the MCS problem is also NP-hard.
Upper bound of network lifetime
In this section, we present an upper bound of the optimal solution for the MCS problem.
Apparently, the maximum network lifetime is decided by the minimum lifetime of sensors. Since the work time and the number of directions of sensors are depended on the deployment of sensor network, which is random, we can consider the minimum time that each target is covered by sensors in the network.
For each target a m , we assume S m is the set of sensors covering it. Then, the target a m can be covered at most
time units. So, the min l m is the upper bound of network lifetime, that is
Integer programming formulation for MCS problem
We assume that the possible number of directions of sensor s i is c i , 1 c i \'. Let us set a bound K for the number of cover sets. We formulate the MSC problem as follows:
Given: sensor set S = fs 1 , s 2 , . . . , s N g, target set A = fa 1 , a 2 , . . . , a M g.
We define a Boolean variable x i, j, k as
The optimization problem can be written as follows Maximize
Subjected to
x i, j, k 1, 8s i 2 S, k = 1, 2, . . . , K ð4Þ
The objective function (2) maximizes the total network lifetime of K cover sets. The constraint (3) insures that the time allocated for each sensor, across all cover sets, is not more than the initial lifetime of the sensor. Constraint (4) indicates that every directional sensor can only choose one direction to work at one time slot, so it has at most one direction in a cover set depending on whether the sensor is activated. Constraint (5) guarantees that the coverage quality requirement of each target is satisfied by each cover set. Constraint (6) shows restriction on variables.
Algorithm for MCS problem
To solve the MCS, our method is to organize the directions of sensors into a group of non-disjoint cover sets and schedule them alternately to extend the network lifetime. It consists of two parts. First, we find all nonredundant directions for each sensor according to SDP. Then, based on the result of SDP, we propose an efficient heuristic algorithm (HMCS) to divide the directions of sensors into non-disjoint cover sets and allocate work time for each cover set.
SDP
Here, we propose SDP to find all non-redundant directions for each sensor according to the targets deployed within the sensing region of the sensor, where two directions are redundant if they cover the same set of targets. The details are shown in Algorithm 1. Figure 2 shows an example of determining the directions of directional sensor. There are seven targets that can be covered by directional sensor s. According to the algorithm SDP, sensor s has seven non-redundant directions. Take the first four directions for example, when s is in the first direction (or second, third, and fourth direction), it covers the set of targets fa 1 , a 2 , a 3 g (fa 2 , a 3 g, fa 3 , a 4 g, and fa 4 , a 5 g, respectively).
HMCS
In this section, we describe the HMCS. We define g(a m ) r as the remainder coverage quality that target a m requires and initialize it with g(a m ). Let U i, m denote the coverage quality that sensor s i can provide to target a m , and U i, j, m denote the coverage quality that direction d i, j can provide to target a m . Let V i, j, m be the actual coverage quality obtained by target a m from direction d i, j , and it is initialized with min fg(a m ) r , U i, j, m g.
The main idea of HMCS algorithm is to organize the directions of sensors into a number of non-disjoint cover sets and allocate work time for each cover set. When constructing cover sets, we keep on choosing the direction with the maximum available lifetime. If some directions have the same available lifetime, we give priority to the direction providing the greatest total actual coverage quality to targets. Then, we put the selected direction into C k until C k is a cover set. If the direction d i, j is selected, we need to delete the remainder directions of sensor s i in D c because one sensor can only choose one direction in a cover set, and update g(a m ) r of all targets covered by direction d i, j . After the reminder coverage quality of one covered target is updated, the actual coverage quality provided by the directions covering that target also needs to be updated. Note that if V i, j, m is greater than g(a m ) r , we should set V i, j, m = g(a m ) r , because the part of coverage quality beyond g(a m ) r is not used by target a m . When one cover set is obtained, we calculate the lifetime of the current cover set, which is the minimum lifetime of sensors in the cover set, and then update the lifetime of sensors in the cover set. If the sensors' lifetime is zero after being updated, then the sensors cannot work. Then, we keep on selecting directions to construct cover sets until the rest of sensors cannot satisfy the coverage quality requirements of targets. The lifetime of sensor network is the accumulation of the lifetime of all cover sets. Algorithm 2 describes the details of HMCS. Now, we show an example of constructing cover sets and calculating the network lifetime. In Figure 3(a) , there are three targets (a 1 , a 2 , a 3 ) covered by three directional sensors (s 1 , s 2 , s 3 ). The sensing angle of sensors is a = 90°, and the lifetime of the three sensors is 4, 6, and 8, respectively, that is, T 1 = 4, T 2 = 6, and T 3 = 8. The coverage relationships between sensors and targets Algorithm 1 SDP Require: sensor set S = fs 1 , s 2 , . . . , s N g, target set A = fa 1 , a 2 , . . . , a M g, sensing radius R, sensing angle a, and coordinate function xy(node) Ensure: collection of target subsets D = fD 1 , D 2 , . . . , D N g 1: let S 0 = S, D = ;
2: while S 0 6 ¼ ; do 3: for i = 1 to N do 4: T = ; 5:
for m = 1 to M do 6:
if k xy(s i ) À xy(a m )k 2 \R then 7:
end for 10:
if T 6 ¼ ; then 11:
for a m 2 T do 12:
compute offset angle Y with respect to the X(positive)-axis 13:
get target set D m i where each target is within angle section ½u, u + a 14:
S 0 = S 0 À fs i g 19: end for 20: end while 21: return D
Algorithm 2 HMCS
Require: sensor set S = fs 1 , s 2 , . . . , s N g, target set A = fa 1 , a 2 , . . . , a M g, sensing radius R, sensing angle a, and coordinate function xy(node) Ensure: cover sets C k , k = 1, 2, . . . , K and total lifetime TL 1: get direction set D = fD 1 , D 2 , . . . , D N g by running Algorithm 1 2: for i = 1 to N do 3: T i = L i 4: end for 5: k = 0, TL = 0 6: U i, m is initialized to the coverage quality that sensor s i can provide to a m 7: U i, j, m is initialized to the coverage quality that direction d i, j can provide to a m 8: while g(a m ) r = g(a m ) r À V i 0 , j 0 , m 20:
for all d i, j 2 fd i, j jV i, j, m .0g do 21:
V i, j, m = minfg(a m ) r , V i, j, m g 22: end for 23: end for 24: D c = D c À fd i, j ji = i 0 g
26: end while 27: set the lifetime t k of C k with the minimum lifetime of d i, j in C k , TL = TL + t k 28: for all d i, j 2 C k do 29:
if T i is equal to 0 then 31: D = D À fd i, j jj = 1, 2, . . . , c i g 32: end if 33: end for 34: end while 35: return C 1 , C 2 , . . . , C K and TL are also illustrated in Figure 3(b) . The value labeled on every target is coverage quality requirement of the target, that is, g(a 1 ) = 0.62, g(a 2 ) = 0.3, and g(a 3 ) = 0.32. The value labeled on each edge between the sensor and the target is the coverage quality that the sensor can provide to the target, that is, U 1, 1 = 0.78, U 1, 2 = 0.42; U 2, 1 = 0.66, U 2, 2 = 0.39, U 2, 3 = 0.5; and U 3, 3 = 0.34. The cover sets are constructed as follows.
1. According to Algorithm 1, we get the direction set D = fD 1 , D 2 , D 3 g, where D i is the direction set of sensor s i , i = 1, 2, 3. D 1 = fd 1, 1 , d 1, 2 g, where d 1, 1 = fa 1 , a 2 g, d 1, 2 = fa 2 g; D 2 = fd 2, 1 , d 2, 2 , d 2, 3 g, where d 2, 1 = fa 3 g, d 2, 2 = fa 2 , a 1 g, d 2, 3 = fa 1 g; and D 3 = fd 3, 1 g, where d 3, 1 = fa 3 g
We can obtain the coverage quality that every direction of sensors provide to every target from Figure 3(b) : U 1, 1, 1 = 0.78, U 1, 1, 2 = 0.42, U 1, 2, 2 = 0.42; U 2, 1, 3 = 0.5, U 2, 2, 2 = 0.39, U 2, 2, 1 = 0.66, U 2, 3, 1 = 0.66; and U 3, 1, 3 = 0.34. Then, we initialize the remainder coverage quality of targets: g(a 1 ) r = 0.62, g(a 2 ) r = 0.3, and g(a 3 ) r = 0.32.
Since U 1, 1 + U 2, 1 ! g(a 1 ), U 1, 2 + U 2, 2 ! g(a 2 ), and U 2, 3 + U 3, 3 ! g(a 3 ), that is, for each target, the total coverage quality sensors can provide to every target is more than the coverage quality requirement of the target, so cover sets exist.
Based on V i, j, m = minfg(a m ) r , U i, j, m g, we compute the actual coverage quality that every direction of sensors provide to every target: V 1, 1, 1 = 0.62, V 1, 1, 2 = 0.3, V 1, 2, 2 = 0.3; V 2, 1, 3 = 0.32, V 2, 2, 2 = 0.3, V 2, 2, 1 = 0.62, V 2, 3, 1 = 0.62; and V 3, 1, 3 = 0.32. According to V i, j = P 3 m = 1 V i, j, m , we obtain the actual coverage quality that every direction of sensors provide to the targets in this direction: V 1, 1 = 0.62 + 0.3 = 0.92, V 1, 2 = 0.3; V 2, 1 = 0.32, V 2, 2 = 0.3 + 0.62 = 0.92, V 2, 3 = 0.62; and V 3, 1 = 0.32.
Every time, we select the direction with the maximum available lifetime. If some directions have the same available lifetime, we select the direction with the maximal value of total actual coverage quality. So, the direction d 3, 1 is chosen into the first cover set C 1 , and sensor s 3 cannot be used in the subsequent construction of C 1 . We update g(a 3 ) r = 0; V 2, 1, 3 = 0, V 2, 1 = 0; then, we select d 2, 2 into C 1 , and update g(a 2 ) r = 0, g(a 1 ) r = 0; V 1, 1, 1 = 0, V 1, 1, 2 = 0, V 1, 2, 2 = 0; and V 1, 1 = 0, V 1, 2 = 0. Since g(a 1 ) r + g(a 2 ) r + g(a 3 ) r = 0, the construction of C 1 is finished, C 1 = fd 3, 1 , d 2, 2 g, and the lifetime of C 1 is t 1 = 6. We update the lifetime of sensors: T 1 = 4, T 2 = 0, and T 3 = 2. The lifetime of sensor s 2 is 0, so s 2 cannot work.
2. We get the direction set D = fD 1 , D 3 g. Repeat the above process; we can finish the construction of cover set C 2 = fd 1, 1 , d 3, 1 g, and the lifetime of C 2 is t 2 = 2. We update the lifetime of sensors: T 1 = 2 and T 3 = 0. The lifetime of sensor s 3 is 0, so s 3 cannot work. Sensor s 1 cannot satisfy the coverage quality requirements of targets. So, no cover sets exist, and the network lifetime is TL = t 1 + t 2 = 8.
Simulation results
In this section, we evaluate the performance of the heuristic algorithm HMCS through simulations. We first show the effect of network parameters (the number of sensors, the number of targets, sensing range, sensing angle, and coverage quality of targets) on the network lifetime and simultaneously compare our algorithm with the upper bound of the optimal solution for the MCS problem aforementioned. Then, we evaluate the performance of our algorithm by comparing with the heuristic algorithm in Yang et al. 15 All simulations are implemented via Visual Studio 2008 on Windows 7. We run 100 times through random placement of sensors and targets in each simulation and compute its average value.
Effect of network parameters
In our simulations, we deploy N sensors with sensing radius R and sensing angle a and M targets with differentiated coverage quality requirements randomly in a region of 500 m 3 500 m area. Through changing one of the five parameters above, we evaluate their impact on the network lifetime, respectively, and simultaneously compare our algorithm with the upper bound of the optimal solution for the MCS problem. The lifetime of each sensor is initialized between 1 and 10. We fix a = 908 as default value. The number of sensors increases from 200 to 400 with an increment of 50. The coverage quality of targets is randomly and uniformly chosen within (0, 1. Figure 4 shows the relationship between the network lifetime and the number of sensors. The network lifetime increases almost linearly when the number of sensors increases, because targets can be covered by more sensors as the number of sensors increases. Case 2. Number of targets. In this section, we evaluate the impact of the number of targets M on HMCS algorithm and the upper bound in the following three cases: (1) N = 250, R = 100; (2) N = 300, R = 100; and (3) N = 300, R = 115. We set a = 90°as default value and vary the number of targets from 40 to 120 with an increment of 20. The coverage quality of targets is randomly and uniformly chosen within (0, 1. Figure 5 shows that the network lifetime drops as the number of targets increases, which is consistent with the actual situation because more targets with different coverage quality requirements are needed to be covered by sensors. We set a = 90°as default value and change the sensing radius of each sensor from 70 to 130 with an increment of 15. As the sensing radius increases, sensors can cover more targets. Figure 6 shows the relationship between the network lifetime and the sensing radius, which also increases almost linearly when sensing radius increases. We increase the sensing angle from 70 to 110 with an increment of 10. The coverage quality of targets is randomly and uniformly chosen within (0, 1. Figure 7 presents the network lifetime which shows no big change as sensing angle increases in the given range. It is because the number of directions of each sensor is certain after the deployment of sensors and targets, which is decided by the number of targets in sensing circle of the sensor according to Algorithm 1. We set a = 90°as default value and increase the coverage quality of targets from 0.6 to 1.0 with an increment of 0.1. Figure 8 shows that the network lifetime drops as the coverage quality of targets increases. It is because the targets with higher coverage quality 
Comparison with MNLS-H-T
Among those existing literature, Yang et al. 15 is the most relevant to our work. They employ the subtunable directional sensor model, that is, each sensor has finite separate and fixed work directions, to study the MNLS problem where the coverage quality requirements of targets are different. They design two heuristic algorithms named MNLS-H and MNLS-H-T, respectively, and their experimental results clearly demonstrate that the algorithm MNLS-H-T has better performance than MNLS-H. So, we evaluate our algorithm by comparing with MNLS-H-T. In the following simulations, we deploy randomly N sensors and M targets in a region of 500 m 3 500 m area, and set v = 4 15 and a = 90°to guarantee the sensing angles in the two-directional sensor models are the same.
We compare the network lifetime of our algorithm HMCS and the algorithm MNLS-H-T in the following four cases: (1) M = 80, R = 100, and the number of sensors increases from 200 to 400 with an increment of 50. The coverage quality of targets is randomly and uniformly chosen within (0, 1; (2) N = 300, R = 100, and the number of targets varies from 40 to 120 with an increment of 20. The coverage quality of targets is randomly and uniformly chosen within (0, 1; (3) N = 300, M = 80, and the sensing radius of each sensor changes from 70 to 130 with an increment of 15. The coverage quality of targets is randomly and uniformly chosen within (0, 1; and (4) N = 300, M = 80, R = 100, and the coverage quality of targets increases from 0.6 to 1.0 with an increment of 0.1. Figures 9-12 present the performance of our algorithm HMCS compared with the algorithm MNLS-H-T changing with the number of sensors, the number of targets, sensing radius, and coverage quality of targets, respectively. The simulation results illustrate that the performance of our algorithm is better than MNLS-H-T. This is because the directional sensors in our model could rotate freely, so the sensors have chance to cover more targets. Beyond that, we make improvements when selecting directions from the candidate set of directions to construct cover sets in our heuristic algorithm.
Conclusion
In this article, we investigated the target coverage problem in directional sensor network with the objective to maximize the network lifetime satisfying targets' coverage quality requirements, where directional sensors can rotate freely around their centers and targets are associated with different coverage quality requirements. We studied the intrinsic relationship between the work directions of the sensors and the targets deployed within the sensing region of the sensors, and proposed the SDP algorithm to eliminate the redundant directions and found all non-redundant directions for each sensor, which leads to significant dimension reduction. Based on that, we proposed a heuristic algorithm HMCS to solve the target coverage problem. In simulations, we compared our algorithm with the upper bound of the optimal solution and the algorithm MNLS-H-T in Yang et al., 15 and evaluated the effect of several network parameters on the lifetime of sensor network. The simulation results showed the efficiency of our algorithm. As a future work, we plan to consider the twodirectional characteristic: the sensor nodes' sensing and the communicating, and design distributed algorithms to prolong the lifetime of directional sensor network.
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